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The present study aimed to decrease the brittleness of flaxseed oleogels based on candelilla wax (CLW) in
combination with flaxseed gum (FG). Effects of flaxseed gum concentrations (0-0.4%) on the
characteristics of flaxseed oleogels including oil binding capacity, textural, thermal, and rheological
properties, and crystal polymorphisms were investigated. Higher concentrations (=0.2%) of FG
significantly decreased the textural parameters (e.g., hardness, fracturability) of oleogels (p < 0.05),
suggesting that FG could decrease brittleness. Rheological results indicated that all flaxseed oleogels
exhibited solid-like characteristics because the elastic modulus was larger than the viscous modulus. The
elastic modulus of flaxseed oleogels presented a maximum value at 0.1% gum concentration. Any
increase in gum concentration beyond this concentration decreased the elastic modulus. Increasing FG
concentration up to 0.4% decreased the enthalpy of flaxseed oleogels during the melting process. The

. 4 14th July 2022 B’-polymorphic form is an orthorhombic perpendicular (O ) subcell structure. Similar B’ crystal forms
eceive th Ju P . .
Accepted 20th Ocytober 2022 were observed among flaxseed oleogels, indicating that FG did not affect them negatively. The study

showed that the physical properties of flaxseed oleogels based on CLW could be significantly changed

DOI: 10.1038/d2ra04341f by FG addition. These results provided a deeper comprehension of the novel system, which should be
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1. Introduction

Oleogels are solid-like substances with a 3D network; they are
formed by oleogelators through physical and chemical inter-
actions. They have the composition of liquid oils, but can
possess physicochemical properties similar to solid fats. These
solid-like properties mainly attribute to diverse oleogelators.
They include natural waxes," monoglycerides,” phytosterols,?
proteins® and polysaccharides such as ethyl-cellulose.> Two
main approaches are applied to achieve oleogelation, depend-
ing on the lipophilic nature of oleogelators. The direct disper-
sion method is only suitable for liquid-based gelators. With
regard to water-soluble gelling agents such as some poly-
saccharides and proteins, the indirect methods (solvent
exchange method or emulsion template method) may enlarge
their possibility of becoming building blocks for oil structuring.
Recently, oleogels have been used to produce various processed
foods (including spreads, confectionery, chocolate and choco-
late pastes, pastry, and meat products) because they have
unique thermodynamic stability behavior, and mechanical and
rheological properties.® In addition, they can be used to
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considered a new way to obtain healthy fats with better plasticity for food applications.

encapsulate and deliver bioactive nutrients such as probiotics,’
B-carotene,® curcumin® and vitamin C.* Therefore, oleogels as
promising alternatives to solid fats, which contain a large
amount of unhealthy triglycerides, have been drawn increased
attention.

Wax-based oleogels are formed using nature waxes as oleo-
gelators, such as candelilla wax (CLW), rice wax, and beeswax.
The well-known gelation mechanism is the immobilization of
oil in the network of crystalline particles. Many studies have
proven that plant waxes are the most efficient crystalline oleo-
gelators. They can induce gelation at low critical gelling
concentrations, and the obtained oleogels have good mechan-
ical strength, physical stability and high oil-holding proper-
ties."* In addition, most waxes are low-priced, widely available
and food-grade. Furthermore, they can maintain structure
integrity without being altered during high-pressure homoge-
nization process."”” Waxes are often selected to formulate oleo-
gels because of these advantages. In addition, wax-based
oleogels applications are widely studied. They can be used to
make bakery products,'>** meat products,’'® margarines,'” and
dairy products.'”® Moreover, wax-based oleogels have been
regarded as a favorable delivery for the encapsulation and
protection of lipophilic bioactive compounds such as curcumin
and lycopene.®” Nonetheless, wax-based oleogels have some
drawbacks which limit their application in foods. For example,
wax-based oleogels have a high melting point when the wax
concentration is greater than 3%, which is unsuitable for
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certain foods. The residual waxy taste of the products brought
by wax-based oleogels is unacceptable to consumers.*® These
oleogels are more prone to cause oxidation and deterioration of
foods than commercial margarines, which contain large
amounts of saturated fatty acids, due to the high unsaturated
fatty acid content of vegetables oil. Moreover, most oleogels can
match the hardness of the solid fats but lack plasticity. This
finding indicates that oleogels undergo brittle fracture rather
than plastic flow when a stress greater than the yield stress of
the oleogels is applied.*" Plasticity is one of the most important
characteristics of solid fats, which can provide food with good
texture and mouthfeel. Therefore, future development of oleo-
gels should be considered to decrease their brittleness and
improve plasticity to satisfy the requirements of practical
applications.

Flaxseed gum (FG) is a heteropolysaccharide extracted from
the seeds of flaxseed plant (Linum usitatissimum).? It has been
widely used in the food industry in formulating nontoxic
natural foods and food additives owing to its thickening,
emulsification, and nutritional functional properties.>® FG has
been proven to be significantly effective in reducing blood
glucose and cholesterol in patients with type 2 diabetes.”* As
a hydrophilic colloid, FG has “weak gel-like” property. Thus far,
few studies have attempted to investigative the effect of FG on
the structure properties of oleogels. Meng et al.>® described the
behavior of different thickening agents (i.e., FG, xanthan gum,
and Arabic gum) on the formation and properties of oleogels.
These authors claimed that the mechanical strength of FG
thickening emulsions was weaker than those thickened by other
polysaccharides. The oleogels could be stabilized by the intra-
molecular or intermolecular hydrogen bonds between
polysaccharides.

In the study, flaxseed oleogels with CLW as a gelator and FG
as a structural modifier were developed via a temperature
control and high-pressure homogenization technology. We
aimed to obtain deep understanding of the change in FG
concentrations on the structure properties of oleogels. The
texture profile analysis and rheological measurements were
carried out to investigate the mechanical properties (e.g,
hardness, fracturability, and storage modulus) of flaxseed
oleogels. Differential scanning calorimetry was employed to
study the thermal stability of flaxseed oleogels and X-ray
diffraction was used to provide useful information on the
crystal polymorphism type. The knowledge obtained would be
used to develop fat mimics with desirable plasticity for nutrient-
rich foods.

2. Materials and methods

2.1. Materials

FG (60% polysaccharide and 26% protein) was purchased from
Henan Wanbang Industrial Co., Ltd. (Henan, China). Flaxseed
oil was offered by Shaanxi Guanzhong Youfang Oil Co., Ltd.
(Shaanxi, China). CLW was purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China). Water was
purified with a Milli-Q water purification system (Millipore Co.,
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Ltd, Milford, USA). Other chemicals used were of analytical
grade.

2.2. Sample preparation

The samples were prepared according to a previous study with
some modifications.”® The FG powder was dissolved in distilled
water with stirring to provide a final concentration of 0%, 0.2%,
0.4%, 0.6%, and 0.8%. The obtained solutions were stored
overnight at room temperature to assure complete hydration.
Following the preparation of polysaccharide solutions, flaxseed
oil and 3% CLW were held in a thermostatic bath at 80 °C for
20 min to form oil phase.

The uniform mixtures were made by adding 60% (w/w) oil
phase to the prepared FG solutions, followed by mechanical
stirring at 200 rpm for 10 min in electric blender (JB90-D,
Guohua Instrument Experimental Factory, Jiangsu). The final
FG concentrations in the systems were 0%, 0.1%, 0.2%, 0.3%,
and 0.4%. Subsequently, the coarse emulsions were homoge-
nized under high pressure (AH-BASIC, Suzhou Naluotai
Instrument Co., Ltd, China), with pressures of 200 bar in the
first homogenization stage and 500 bar in the second stage.
These procedures were carried out at about 65 °C to prevent the
solidification of mixtures in the emulsion preparation process.
Then, samples were stored at 4 °C for at least 24 h prior to
analysis.

2.3. Texture analysis

The newly prepared samples were poured into 10 mL beakers,
gelated at room temperature and then stored at 4 °C. After
refrigeration, the gels were returned to room temperature prior
to texture analysis. The texture profile analysis (TPA) was carried
out using a texture analyzer (TA-XT plus/50, STABLEMICVO Co.
Ltd., UK) equipped with a flat stainless cylindrical probe (P/
0.5R). Measurements were performed by a compression test
using TPA test mode with pre-test speed of 2.0 mm s, test
speed of 1.0 mm s *, and post-test speed of 2.0 mm s ' with
target depth of 10 mm. Trigger force was 3.0 g and trigger type
was “auto”. Textural parameters, such as hardness, fractur-
ability and chewiness were obtained from the texture profiles
and then analyzed. For each sample, at least three replicates
were formulated.

2.4. Oil binding capacity (OBC) determination

The OBC of flaxseed oleogels was measured according to Meng
et al.”® with minor modification. An approximate amount of the
sample at 5.0 g was weighted in a 50 mL plastic centrifuge vial
(m). The total mass (m;) of the sample and the centrifuge vial
was weighted. They were then centrifuged at 10 000 rpm, 25 °C
for 15 min. The centrifuge vial was placed upside down on
a skimmed cotton pad so that the supernatant as released liquid
oil was removed completely. After removing oil, the centrifuge
vial was weighted (m,). OBC was calculated by employing eqn
(1), which was according to Borriello et al.*” with minor modi-
fication, as follows:

OBC (%) = [1 — (m; — mo)l(m; — m)] x 100% (1)

RSC Adv, 2022, 12, 30734-30741 | 30735


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04341f

Open Access Article. Published on 27 October 2022. Downloaded on 2/28/2026 3:42:13 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

where m is the mass of empty centrifuge vial, m, is the initial
total mass of the sample and centrifuge vial, and m, represents
the sample and centrifuge vial mass after draining the excess
oil.

2.5. Thermal studies

The thermal properties of samples were studied using a Q2000
differential scanning calorimeter instrument (Waters Co., Ltd.,
USA). About 5.0-7.0 mg of each sample was weighed and sealed
in an aluminum pan with a lid of the same material. An empty
aluminum pan was set as reference. The samples were cooled
from 20 °C to —50 °C at a rate of 5 °C min~" under nitrogen
purged at 50 mL min ™. After equilibrating at —50 °C for 2 min,
and the samples were heated to 25 °C at the same rate. The data
including peak temperature (Tonget), Onset temperature (Tpea),
and total enthalpy (AH) of crystallization and melting were
analyzed by the TA Universal Analysis software.

2.6. Rheological characteristics

Viscoelasticity of the samples was tested with a rheometer
(DHR-1, Waters Instruments, USA) equipped with a tempera-
ture control system. A 40 mm diameter parallel plate was
employed, setting a gap of 1000 pm. To understand the changes
in the apparent viscosity, flow sweeps were performed at shear
rate ranging from 0.01 s~ * to 100 s~ * for oleogels. The Herschel-
Bulkley model (eqn (2))*® was fitted to the flow curves, as follows:

T =10+ KY" 2)

where 1, 1¢, K, 7, and 7 indicates the shear stress (Pa), yield
stress (Pa), consistency coefficient index (Pa s”), shear rate (s™),
and flow behavior index (dimensionless), respectively.

The strain sweeps were carried out at 1 Hz, setting the strain
amplitude in the range of 0.01-100%. The test was performed to
determine the extent of the linear viscoelastic region (LVR). To
evaluate the material response, frequency sweep tests were then
performed in the range of 0.01-100 rad s~ " at the stress value of
0.01%. The temperature sweep tests were carried out at
a temperature range of 4 °C to 80 °C at a rate of 5 °C min™" to
measure the thermal sensitivity of samples. Each experiment
was carried out two times with gels of different batches, and the

elastic modulus (G') and viscous modulus (G”) were recorded.

2.7. Crystalline structure analysis

Crystalline structures of samples were obtained according to
a previous study by Wang et al.*® using a X-ray diffractometer
(D8 ADVANCE A25X, Bruker, Germany). Prior to measurements,
the samples were placed on the sample holders and smoothed.
The X-ray diffraction (XRD) experiments were performed with
a Cu source at X-ray tube (1 = 1.5458 A) at 40 kV and 40 mA at
environment temperature, using angular scans from 5.0° to
50.0° (26). Resulting data were analyzed using MDI Jade 6
software (Materials Data Inc., Livermore, USA). The crystallinity
of samples was calculated according to the following eqn (3).*
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diffraction peak intensity
total intensity

Crystallinity (%) = x 100 (3)

2.8. Statistical analysis

All measurements were repeated three times. The results were
expressed in mean values with standard deviations. The exper-
imental data were analysed by the one-way analysis of variance
(ANOVA) with Duncan test using IBM SPSS Statistics 20, and
statistical differences were considered significant at p < 0.05.
The curves were obtained using Origin 2018.

3. Result and discussion

3.1. Gel formation and textural properties

The flaxseed oleogels were formed when the hot mixtures con-
taining FG solutions and oil phases were cooled down to room
temperature. As shown in Fig. S1,1 all samples were in white
color with a creamy appearance. With the increase in FG
concentration, the flaxseed oleogels became softer to touch but
had no differences in appearance and color.

Texture measurements provided useful information on how
the FG concentration influenced flaxseed oleogels' textural
parameters such as hardness, fracturability and cohesiveness.
The obtained results are showed in Fig. 1. The textural prop-
erties of flaxseed oleogels modified with FG decreased with
increasing FG concentration overall. Hardness indicates the gel
strength of the samples, and whether the gel network structure
is compact. An FG concentration of 0.1% performed the largest
hardness (p < 0.05) among oleogels without FG and other FG
concentrations. Increasing the concentration of FG produced
lower hardness, from 318.71 + 0.68 g to 76.23 + 0.18 g, sug-
gesting the formation of a weaker gel network. The probable
explanation was that the higher the concentration of FG, the
more obvious the aggregation of droplets in the system, and
thus lower the hardness of gels.*" Interestingly, a reverse trend
in hardness was observed with bigels based on monoglyceride-
beeswax oleogel and high acyl gellan gum hydrogel, because the
firmness of bigels increased with high acyl gellan gum
concentration.' Martin-Illana et al.** obtained a positive rela-
tionship between the polymer concentration (pectin and
hydroxypropyl methyl cellulose) and gel hardness, but this did
not occur in the case of chitosan. There are only few studies
which investigated the textural properties of gels as a function
of hydrogelator concentration and extensive studies are needed
in the future. All flaxseed oleogels exhibited fracturability
during compression process. When the FG concentration was
0.1%, the fracturability was 281.95 £ 15.20 g, whereas the
fracturability was only 91.51 + 2.67 g when the FG concentra-
tion reached 0.4%. Adhesiveness refers to overcoming the
mutual attraction between the food surface and the materials in
contact with the food. Adhesiveness decreased with increasing
of FG concentration. Cohesiveness indicates that the resistance
of oleogels to crumbling. Differences in cohesiveness of gels
with addition of FG range from 0-0.3% were not statistically
significant (p > 0.05). When FG concentration reached 0.4%, the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Textural parameters obtained from TPA of flaxseed oleogels
with different FG concentrations (0-0.4%). Different letters indicated
statistically significant differences (p < 0.05).
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cohesiveness was significantly improved. The secondary
parameters (gumminess and chewiness) of the sample
decreased with decreasing sample hardness. Thus, FG seemed
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to change gel network derived from CLW, producing flaxseed
oleogels with a softer texture.

3.2. Changes in OBC

The OBC indicated the relative capacity of oil holding of flax-
seed oleogels. Studies have found the relationships between
hardness and OBC, ie., the greater hardness, indicates more
compact network structure of the gels. Fig. 2 shows that all
samples held high OBC (>80%) regardless of FG concentration.
The possible reason was that FG contained a small amount of
protein and had the ability to emulsify. The increase in FG
concentration promoted stronger emulsification capacity,
thereby counteracting the negative effect of reduced hardness.
Generally, the OBC of different flaxseed oleogels was insignifi-
cant with high oil binding levels.

3.3. Thermal stability

The samples underwent a phase transition during the temper-
ature change, resulting in heat absorption and exothermic
phenomena. Differential scanning calorimetry (DSC) was used
to measure the change in heat flow during the phase transition
to reflect the thermodynamic properties of the flaxseed oleogels.
The Tonset, Tpeaks and AH changes of the phase transition were
analyzed and presented in Table 1.

Crystallization and melting profiles of flaxseed oleogels are
shown with DSC, and the detailed data were shown in Table 1.
The thermogram of flaxseed oleogels showed two narrow peaks
presented below 0 °C (Fig. 3). The exotherm had a crystallization
peak temperature between —38 °C and —40 °C, whereas
a melting peak temperature of the endotherm was between —0.6
°C and —1.0 °C. This phenomenon, where crystallization and
melting temperature of oleogels were extremely low, was ever
observed in a 3% CLW dispersion in sunflower o0il.** The peaks
presented in the cooling and heating thermograms might be
associated to the crystallization and melting process of the
triglycerides constitutive of the flaxseed oil. The oleogels
formulated with CLW (>2%) had an intense melting peak in the
temperature range from 40 °C to 60 °C.>** Interestingly, no
corresponding peaks in this range appeared in our preliminary
experiments. The cooling cycle of the oleogels showed
increasing irregular exotherms between —15 °C and —35 °C,
followed by a well-defined exotherm with a peak crystallization

Table 1 Thermal parameters of flaxseed oleogels based on CLW with different FG concentrations (0—0.4%)“

FG concentration (%)

DSC thermal parameters 0 0.1 0.2 0.3 0.4

Crystallization Tonset/°C —37.93 + 0.07° —37.59 + 0.08° ~37.67 + 0.16" —37.59 + 0.01° —38.01 + 0.08"
Tpeald°C —39.55 £ 0.03" —39.15 4+ 0.13° —39.23 + 0.25" —38.95 + 0.00° —39.17 + 0.06"
AH/(J g™ 83.49 + 8.94° 68.93 £ 9.41° 45.55 + 1.24° 23.66 + 3.95° 23.09 + 2.98°

Melting Tonset/°C —1.7 £ 0.01° —1.74 £ 0.04 -1.67 &+ 0.11% —1.80 & 0.01? —1.73 £ 0.04?
Tpeald°C —0.8 + 0.10% ~0.96 + 1.98° —0.62 + 0.30° ~1.02 + 0.05" —0.89 =+ 0.26"
AH/J g™ 133.65 + 13.79° 121.85 + 1.34*P 111.90 + 5.80° 111.85 + 7.28" 106.95 + 6.58"

@ Tonse: ONSet temperature in crystallization and melting process; Tpear: peak temperature in crystallization and melting process; AH: enthalpy of
crystallization and melting. Different small letters in the same row indicate significant differences between oleogels with different concentrations of

FG.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 DSC thermograph of flaxseed oleogels with different FG
concentrations (0-0.4%) during heating at 5 °C min~!. Note: the
cooling (A) and the heating (B) processes.

10y, 10 G ——01% G ——01% G*
3. WG G0 G

Viscosity (Pa-s)
G'and G" (Pa)

10
Ose. strain (%)

G' and G" (Pa)

0 S0 100 150 200 250 300

10° 10/ 10
Angular frequency o (rad/s) Time (s)

Fig. 4 Rheological properties of flaxseed oleogels with different FG
concentrations (0-0.4%). Note: flow sweep (A), strain sweep (B),
frequency sweep (C), and time sweep (D) curves.

temperature = —39 °C. The small irregular exotherms were
associated with the crystallization of polydisperse emulsified
water droplets.®® This finding has a significant positive corre-
lation with the concentration of flaxseed gum because the
higher concentration of FG indicates more evident phenom-
enon. It presence in the oleogels indicated that the water was
emulsified in larger droplets in the system with higher extent of
polydispersity (i.e., the irregular exotherms were more evident),
particularly with 0.3% and 0.4% FG concentrations. The cooling
stage of oleogels without FG did not show the presence of
irregular exotherms. We considered that the high concentration
of FG greatly increased the viscosity of the system, resulting in
higher extent of polydispersity and even an increase in the
intensity of irregular exotherms.

Table 1 shows detailed thermal parameters including Tonget,
Tpeak, and AH. In terms of Toneec Of melting process, no signif-
icant differences (p > 0.05) were found among samples with FG
concentrations in the range of 0.1% to 0.4%. However, within
the interval of FG concentration investigated (i.e., 0-0.4% FG),
AH decreased significantly as FG concentration increased (p <
0.05). The AH of melting decreased from 133.65 + 13.79 (J g™ )
t0 106.95 & 6.58 (J g~ ). This finding indicated that lower energy
was required to destroy the sample structure. This result was in
general agreement with their textural profiles.
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3.4. Rheological properties

The rheological viscoelasticity of flaxseed oleogels with various
FG concentrations was investigated to provide insight about
their structure and utility for food applications. Fig. 4 shows the
rheological properties of the flaxseed oleogels with CLW as the
main oleogelator and FG as a thickening and emulsifier. Flax-
seed oleogels showed shear-thinning behavior as the viscosity
decreased with the increase in shear rate (Fig. 4A), suggesting
that the samples exhibited non-Newtonian behavior. Similar
findings were also reported by Meng et al.>® Previous studies
have proven that the viscosity of oil-in-water emulsions stabi-
lized with FG increases with the increase in FG concentra-
tions.?”® However, with the increase in FG concentration, the
viscosity of samples remained unchanged. A previous study
found that no significant differences in viscosity curves of
flaxseed gum solutions when process under high pressure (50-
90 MPa).** The probable reason was the high shear, cavitation
and turbulence forces involved during the high-pressure
homogenization led to conformational transition by opening
the molecule and polymer degradation.* Additionally, the
samples prepared in this study had a relative high oil content of
60% and were solid at room temperature due to CLW. These
aspects might contribute to the unusual viscous characteristics
of flaxseed oleogels. However, high-pressure homogenization
did not affect the crystal structure of the waxes. In this study,
Herschel-Bulkley model (eqn (2)) was adopted to predict the
flow behavior. The effect of FG on the model parameters is
presented in Table 2. As shown in the table, the yield stress
started to appear when the concentration of FG reached 0.4%.
The consistency coefficient k reflects the viscosity of sample. No
significant differences were found in k among the gel samples
with different concentrations of FG. When the FG concentration
was 0.1%, the value was maximum. This phenomenon was
consistent with that in the previous study.*® The flow behavior
index n indicates the extent of the shear-thinning behavior. The
lower the value, indicates that the extent of the shear-thinning
behavior was more significant. As the FG increased from 0.1%
to 0.4%, the flow index n also increased, indicating that FG
addition might introduce a low extent of shear-thinning to the
gels. Strain sweep could further characterize the brittleness of
flaxseed oleogels. The LVRs of the different flaxseed oleogels at
1 Hz are shown in Fig. 4B, where the G’ and G” values versus the
oscillatory strain were plotted. G' represents the solid-like
behavior or elasticity of a material. All samples presented
higher G’ values than G” values within the LVR, indicating that

Table 2 Herschel-Bulkley model parameters of flaxseed oleogels as
affected by FG concentrations

FG concentration

(%) 7o (Pa) K (Pa-s") n R’

0 0 39.84 0.3051 0.9385
0.1 0 46.09 0.2938 0.9230
0.2 0 42.04 0.3071 0.9535
0.3 0 33.70 0.3025 0.9708
0.4 18.61 35.82 0.3296 0.9697

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04341f

Open Access Article. Published on 27 October 2022. Downloaded on 2/28/2026 3:42:13 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Intensity (counts)

5 10 15 20 25 30 35 40 45 50
20 ()

®) 1750 (©

4404
\

i
\

4,
750 'vw""‘f

5 o
2 2
2 8

ity (counts)

z 2z 1000
3TA

2
Intensi

'\«M
¥ el
2500 I 500 ",

5 10 15 20 25 30 35 40 45 S0 s
20(%)

1015 20 25 30 35 40 45 50
2009

Fig.5 XRD patterns of flaxseed oleogels based on CLW modified with
different FG concentrations ((A) samples, (B) CLW, (C) FG).

Table 3 XRD for the flaxseed oleogels with different concentrations of
FG (0-0.4%)

d-Space (A)

FG concentration Crystallinity
(%) Peak 1 Peak 2 (%)

0 4.13 3.71 22.39

0.1 4.12 3.71 16.23

0.2 4.15 3.74 21.93

0.3 4.15 3.74 18.49

0.4 4.15 3.74 25.05

a typical gel network had been formed.** The extension of LVRs
determines the degree of internal structure of the samples. The
plots show that all samples were weakly structured internally.
The highest G’ value was found for oleogel with 0.1% FG. With
the increasing concentration of FG, samples showed a gradual
decrease in the G'.

The plots of dynamic frequency sweep test and time sweep
test of flaxseed oleogels are shown in Fig. 4C and D. For all
samples, the G’ and G” values tended to increase slightly with
frequencies (0.01-100 Hz), indicating that the G’ and G” of the
flaxseed oleogels were frequency-dependent. The interactions
among FG molecules, oil droplets, and between FG and oil
droplets form a gel network structure, similar to non-covalent
physical cross-linking. This phenomenon was observed in the
study of Martinez-Ruvalcaba et al.*> The tan é values (G"/G') of all
flaxseed oleogels were lower than 1.0 but higher than 0.1, sug-
gesting a typical weak gel behavior. The G’ values of oleogel
containing 0.1% FG was significantly higher than that of other
samples and the smallest G’ was in oleogel containing 0.4% FG,
in accordance with the results of the textural analysis and strain
sweep results. Generally, a higher G’ value indicates that the
material was more resistant to deformation. Therefore, flaxseed
oleogels with 0.1% and 0.2% FG presented the greatest defor-
mation resistance among other samples. In addition, with
prolonged time, the curves of G’ and G” remained parallel to the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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X-axis (Fig. 4D). No cross-over points were found between G’ and
G”, suggesting that the gel formation process was rapid.

3.5. Crystalline structure

XRD was used further to understand the polymorphism of
flaxseed oleogels' crystals. In Fig. 5B and C, the XRD patterns of
CLW and FG power were provided for comparison. A previous
study showed that CLW had two distinctive sharp peaks with
structure of crystalline for the orthorhombic subcell packing
and n-hentriacontane stable polymorph.** The two diffraction
peaks for CLW were at around 4.14 and 3.14 A, which were the
characteristic reflections of CLW (Fig. 5B).”® The crystalline
structure of CLW solids was inherited by the oleogels (Fig. 5A).
However, FG powder exhibited a semi-crystalline structure with
the mixture of the crystalline and amorphous area (Fig. 5C). The
d-spacing of the crystal was calculated based on 26. In our study,
all flaxseed oleogels showed two major peaks around 3.7 and 4.1
A without significant differences in peak intensity. The peaks at
around 3.7 and 4.1 A indicated the presence of B-form
crystal,*»*> which was an orthorhombic perpendicular (O,)
subcell structure.*® Differences in the types of crystals can affect
the functional properties of fat. Among the three crystalline
shapes of fat crystals, B’ crystalline has better functional prop-
erties and provides lipid-rich products with good malleability,
texture, and mouthfeel.” In addition, crystallinity changes of
the flaxseed oleogels with incorporated different FG concen-
trations did not present a clear trend (Table 3).

4. Conclusion

The current study mainly explored the effects of flaxseed gum
concentration on the brittleness of flaxseed oleogels. The flax-
seed oleogels with good properties were successfully prepared
by temperature control and high-pressure homogenization
technology. It was found that all flaxseed oleogels were in white
color with creamy appearance. The samples had significantly
lower textural parameters with the increasing concentration of
FG (p < 0.05). In particular, FG could be used to decrease the
hardness and fracturability of flaxseed oleogels based on CLW,
as expected. The melting temperature of the flaxseed oleogels
was below 0 °C, and AH decreased with increasing FG concen-
tration. This result indicated that they might be easier to shape
and suitable for various food products. As the increase in the FG
concentration, the rheological properties of flaxseed oleogels
generally weakened. The higher FG concentration provided
oleogels with stable shear-thinning behavior and weaker gel
network structure. The XRD results showed that all samples had
a B’ crystal form and that the intensity of the diffraction peaks
was unaffected by the concentration of FG. Generally, the work
suggested the possibility to decrease the brittleness of flaxseed
oleogels based on CLW by adding FG in oleogels. Solid fat
preparations with good plasticity but less trans and saturated
fats in food processing is greatly important. Nonetheless, the
action mechanism and microstructure of flaxseed oleogels
modified by FG were unclear. More efforts are required in the
future to fully understand its functionality.
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Abbreviations

CLW Candelilla wax
FG Flaxseed gum

TPA Texture profile analysis

OBC Oil binding capacity

LVR Linear viscoelastic region

G Elastic modulus

G" Viscous modulus

XRD X-ray diffraction

DSC Differential scanning calorimetry
Tonset Onset temperature

Tpeak Peak temperature

AH Enthalpy change

n Flow behavior index

T Yield stress

K Consistency coefficient index
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